In HIV-infected individuals treated with potent antiretroviral therapy, viable virus can be isolated from latently infected cells several years into therapy, due to the long life of these cells, ongoing replication replenishing this population, or both. We have analysed the V3 region of the HIV-1 env gene isolated from six patients who have undergone 2 years of potent antiretroviral therapy without frank failure of viral suppression. We show that in two (and possibly three) patients, the sequence changes between baseline virus and virus isolated from infected cells persisting 2 years into infection result from positive selection driving adaptive evolution, occurring either prior to or during therapy. Our analyses suggest low-level replication despite absence of drug resistance due to drug sanctuary sites, or to low-level ongoing replication in the presence of alterations in the selective environment during therapy, perhaps due to a decline in HIV-specific immune responsiveness or changes in target cell pools. In one patient, genetic divergence between baseline plasma and infected cells isolated during therapy may reflect the long half-life of some of these persistent cell populations and the divergence of viral subpopulations that occurred prior to therapy.
INTRODUCTION
Although the use of highly active anti-retroviral therapy (HAART) to suppress HIV replication can result in dramatic reductions in viral load, viable virus can be isolated from latently infected cells even after several years of HAART, suggesting that therapy may have to be maintained for many years to eradicate HIV from the body (Wong et al., 1997; Finzi et al., 1997; Chun et al., 1997) . This persistence may be due to the long life of latently infected cells, ongoing replication that replenishes the infected cell pool, or both (Finzi et al., 1999; Zhang et al., 1999) . Even in patients that respond well to therapy, there is substantial variation between patients in their response to HAART, with some individuals showing a slower decline of plasma virus early in therapy and the intermittent reappearance plasma virus late into infection (Günthard et al., 1999) . These differences may reflect between-patient variation in levels of replication and/or differences in which cell subpopulations are infected. It has been suggested that activating the immune system may increase turnover of these latently infected cells and hence result in shorter times to eradication and reduction in the duration of HAART required. Understanding the mechanism whereby HIV persists in the body and the extent to which the virus can evolve during potent antiviral therapy is central to understanding how different individuals may respond to such an intervention. Günthard et al. (1999) analysed the divergence of the C2-V3 region of HIV-1 env between baseline plasma virus and virus isolated from latently infected cells from six infected individuals. Even though all six patients had responded well to therapy, there was wide variation in the genetic divergence between baseline and year 2-isolated virus. To address whether this divergence had originated prior to or during therapy, the positions of the most common recent ancestors (MRCAs) for the plasma virus and the year 2-isolated virus were analysed. In two patients studied, A and B, baseline and year 2-isolated virus appeared to be very similar. In two patients, K and L, year 2-isolated virus appeared to diverge from baseline virus prior to therapy, suggesting that at least some of the genetic divergence seen between baseline virus and year 2-isolated virus originated prior to therapy. In two other patients, C and M, year 2-isolated virus appeared to diverge directly from baseline virus. As only one sample prior to therapy and one sample during therapy were available, the estimated positions of the MRCAs may be inaccurate, and hence the amount of divergence that occurred prior to therapy relative to during therapy is difficult to establish. However, a positive correlation was found between divergence and the amount of residual replication that occurred during ther-apy, consistent with ongoing replication playing a role in the divergence of env in chronically infected individuals. The findings of Zhang et al. (1999) , who described patients starting treatment during early phases of infection, were consistent with these observations.
To further address the effect of potent therapy on the evolution of HIV-1 env and what this may tell us about the mechanism of persistence of HIV during therapy, we have analysed the pattern of amino acid divergence during therapy. We show that positive selection had driven adaptive evolution of env in two out of six patients studied. We argue that a combination of positive selection prior to (or in the early stages of) therapy and the slow turnover of the latently infected cell pool are very important mechanisms of generating amino acid divergence between plasma virus sampled at the initiation of therapy and virus isolated late into therapy, regardless of whether ongoing replication occurs during therapy. As positive selection had driven the multiple amino acid differences between baseline virus and year 2-isolated virus, they must have had a phenotypic effect on the virus in terms of replication rate, cell tropism, or immune recognition. Hence the virus that may emerge on failure of therapy or during stimulation of the immune system may have different biological properties than that seen on initiation of therapy.
RESULTS

Pairwise analysis of nucleotide diversity and net divergence
The genetic variation in the V3 region of env in the sample of viruses isolated 2 years into HAART was lower than that seen in plasma virus at the initiation of therapy (Table 1) . For five out of the six patients, genetic diversity in the year 2-isolated virus was very low (0-0.3%), whereas for patient M some diversity (1.07%) appeared to be maintained. Phylogenetic trees illustrating the relationship between sequences sampled at the beginning of therapy and after 2 years of therapy are shown in Fig. 1 .
The average pairwise genetic divergence between baseline and year 2-isolated virus was greater than zero and varied greatly between patients. This observation by itself does not prove that the baseline virus and year 2-isolated virus came from two genetically distinct populations, as two samples taken from the same (genetically heterogeneous) population can be divergent from each other. Hence we estimated the "net divergence" between baseline and year 2-isolated virus, which corrects for this effect by taking into account within-sample diversity. If d xy is the average genetic divergence between two populations, x and y, and d x and d y are the genetic diversities within populations x and y, respectively, net divergence, d a , is given by the expression d a ϭ d xy Ϫ (d x ϩ d y )/2. Although net divergence can be negative when the true divergence between populations is low, we are concerned with high levels of divergence, for which net divergence gives a much better indication than uncorrected distances. Net divergence was even more variable than uncorrected variation, with patients B and L exhibiting low levels of net divergence (Ͻ1%), A and C exhibiting medium levels of net divergence (c. 1.5%), and patients K and M exhibiting very high (Ͼ3%) levels of net divergence. These results show that the samples of baseline virus and year 2-isolated virus come from genetically distinct populations and are the most distinct in patients K and M.
The low diversity seen in the viral isolates could be due either to the low numbers of infected cells that exist after 2 years of therapy or to an artifact due to sampling a very small number of infected cells during viral isolation, in which case the diversity seen in the isolate may underestimate the true diversity in the latently infected cell pool. In a study of lymph-node RNA in patients with long-term viral suppression during therapy (which included some of the patients analysed here), Gunthard et al. (2001) showed that there were essentially no differences between sequences obtained from lymph-node RNA and those obtained from cultured cells. Patient B, who showed very low diversity in the virus isolated from latent cells, also showed very low diversity in sequences Note. All distances were estimated using the method of Nei and Jin (1989) , corrected using a Kimura (1980) two-parameter model, with standard errors estimated from 1000 bootstrap replicates.
derived from lymph-node RNA. These observations argue that the diversity seen in viral sequences obtained may indeed be representative of that in vivo. However, it should be noted that even if therapy is assumed to have no effect on sample diversity, net divergence is still extremely high for patients K (3.29%) and M (4.17%), whereas for the other patients, net divergence is very low or even negative (A, Ϫ1.09%; B, Ϫ0.18%; C, Ϫ0.35%; L, 0.22%). Under the conservative assumption that viral diversity is unaffected by therapy, there is no evidence of mutational differences between the baseline virus and year 2-isolated virus populations in patients A, B, C, and L, but there is strong evidence of divergence in patients K and M.
Comparing the ratio of replacement to silent changes (dn/ds) between time points with a background provides evidence for selection
Having established that the baseline virus and year 2-isolated virus form two distinct populations in at least two patients, K and M, we wished to explore whether the divergence between the two populations had been generated under similar selection pressures to those which generated diversity within each population. Using a maximum-likelihood approach, we tested whether the ratio of nonsynonymous to synonymous substitutions, dn/ds, between time points was significantly different from dn/ds within time points.
Specifically, we asked whether the branch in the phylogeny representing the net divergence between the two time points was associated with different dn/ds relative to the background dn/ds ratio estimated using the other branches in the phylogeny. For each patient, twice the difference in the likelihood score of the full model (two dn/ds ratios, "model 2") and the simple model (one dn/ds ratio, "model 1") was compared to the difference in likelihood for 100 simulated datasets produced assuming one dn/ds ratio. This allowed us to determine whether the observed dn/ds ratio between the samples is greater than expected by chance alone. To compare the patterns seen in patients K and M with those found in patients with relatively little amino acid divergence between time points, we also analysed patients A, C, and L. The variation seen in patient B was too low for a reliable analysis of this type, but given that viral sequences from lymphnode RNA sampled after 1 and 2 years of therapy also showed very low diversity (Gunthard et al., 2001) , it seems unlikely that any replication or evolution occurred in this patient.
Fitting of model 2 to the data revealed that dn/ds between baseline plasma virus and year 2-isolated virus was significantly higher than dn/ds within populations for patients K and M, with patient L approaching statistical significance (Table 2 and Fig. 2 ). For all three of these patients, the estimate of the proportion of silent changes, ds, for the branch connecting the samples was zero, whereas the estimates of the proportion of replacement changes were high (1.17% in patient L, 3.34% in patient M, and 4.25% in patient K). These results suggest that in patients K and M (and possibly patient L, although the results only border on statistical significance), positive selection was responsible for generating the genetic divergence between plasma virus and year 2-isolated virus, rather than divergence evolving under similar selection pressures to those within populations. Here we define positive selection as that which can generate adaptive amino acid changes, such as mutations which aid immune escape or increase replication. Parameter Estimates and Log-Likelihood Scores Under Model 1 (dn/ds ratio equal for all branches in the phylogeny), Model 1* (dn/ds ϭ 1 for all branches), and Model 2 (dn/ds ratio different for the branch separating the baseline and year 2-isolated virus) Note. P values for the likelihood ratio test were calculated using a 2 approximation and using parametric bootstrapping. Asterisks indicate significance using a 2 unit of support criterion.
Identification of clustered amino acid substitutions between plasma and year 2-isolated virus
To suggest a possible positive selective force, we determined which amino acid sites were divergent between the virus sampled at initiation of therapy and those sampled during therapy by reconstructing the nucleotide sequences at either end of the phylogenetic branch connecting the baseline plasma virus sequences and the year 2-isolated virus sequences (Fig. 3) , using a maximum likelihood method. It was found that these sequences could be reconstructed with a high degree of confidence. We then translated the predicted nucleotide sequence to give a predicted amino acid sequence. With one exception (one synonymous change in patient A), all nucleotide differences between the predicted baseline sequence and the predicted year 2 sequence resulted in amino acid changes.
Amino acid replacements did not appear to be uniformly distributed along the sequence. To test whether this clustering was statistically significant, we compared the length of sequence over which substitutions were found with 100,000 datasets generated by randomising the positions of the substitutions. The position of variable sites between the reconstructed sequences was also compared to the known 3D structure of the envelope (Kwong et al., 1998) .
In patient M, nine substitutions were observed over a stretch of amino acids 34 amino acids long. The median length over which nine amino acid substitutions were seen in the randomised sequence was 96 residues, significantly longer than observed (P ϭ 0.00023), showing that amino acid substitutions were concentrated within a relatively short region. Eight out of the nine amino acid replacements were seen within the V3 loop. Although changes in the V3 loop (such as the S to R substitution in residue 11 of the loop seen in patient M) have been associated with changes in coreceptor usage, an in vitro MT-2 assay revealed that there was no detectable switch in usage (Günthard et al., 1999) . There was also a change in a glycosylation site in the V3 loop which is normally conserved.
In patient K, 10 substitutions were seen over 73 residues, which approached statistical significance (median length ϭ 97, P ϭ 0.062). This P value is higher than that seen in patient M as our statistical test is sensitive to outlying mutations such as the two replacements seen toward the C2 end of the sequence. Eight replacements within a 28-residue stretch of sequence were found to-
Null distribution of the likelihood ratio statistic (LRS) for the test for positive selection. The LRS measures the improvement in fit by assuming that the ratio of nonsynonymous to synonymous substitutions between time points is greater than that within time points. For each patient, the null distribution of the LRS is shown, and the LRS is obtained from the data. If positive selection has occurred, then fewer than 5% of the simulations should have a difference in likelihood score greater than that of the data.
ward the V4 end of the sequence, and three of these clustered in the exposed E loop were shown by Kwong et al. (1998) . No substitutions associated with a switch in coreceptor usage were seen.
In patient L, 3 substitutions were observed over 27 residues. Although these substitutions occurred over a shorter region than the randomised datasets (median length ϭ 55), this was not statistically significant (P ϭ 0.147). However, the power of the test is low for so few mutations. Two of these three mutations occurred in an alpha helix; three mutations in this region were also seen in patient K.
Our analyses provide support for clustered amino acid changes between plasma and year 2-isolated virus which, as they have arisen due to positive selection, must have had some effect on the biological properties of the virus. However, we could not determine the selective agent involved in driving divergence and what effect these mutations may have on the virus.
DISCUSSION
In two patients out of six studied, K and M (and possibly in a third, L), we have demonstrated that positive selection is responsible for generating extensive genetic divergence in the V3 region of the env gene between plasma virus and virus isolated from infected cells which persisted 2 years into antiviral therapy. Our ability to detect selection comes from our approach of using the pattern of genetic variation within time points as an internal control for each patient. A common test for positive selection is to ask whether the ratio of the rate of nonsynonymous to synonymous substitution, dn/ds, is greater than 1. This test has identified the presence of positive selection in the C2-V3 region of env in a number of studies (Simmonds et al., 1990; Wolfs et al., 1992; Cichutek et al., 1992; Bonhoeffer et al., 1995; Liu et al., 1997; McDonald et al., 1997; Yamaguchi and Gojobori, 1997) . However, this test often fails to detect positive selection as the presence of conserved sites within a sequence can hide positive selection on a few sites (Nielsen and Yang, 1998) . Crandall et al. (1999) demonstrated convergent evolution of the protease gene between individuals on protease therapy, a signature of positive selection; however, dn/ds did not differ significantly from 1. This approach also failed to detect selection in our dataset. When we compared the dn/ds ratio estimated from all the sequences (Model 1) with a value of 1, there were no significant deviations for patients A, C, K, and M, and the dn/ds ratio was significantly less than 1 for patient L (Model 1*, Table 2) .
As selection appears to have resulted in multiple amino acid substitutions, at least some of these substitutions must have some adaptive effect on the biological properties of the virus. One potential agent of positive selection is a switch in coreceptor usage from the CCR5 to the CXCR4 molecule. This has been shown to result in an excess of amino acid replacements relative to silent substitutions Gojobori, 1997, 2000) . However, no evidence for such a switch in usage was detected in vitro for patient M (Günthard et al., 1999) , and no amino acid changes associated with CXCR4 usage were detected for patient K.
A commonly cited cause of divergence of env is immune selection. However, the reduction in viremia and the resulting decrease in the levels of anti-HIV immunity (Pitcher et al., 1999) may make selection by the immune   FIG. 3 . Reconstructed sequences for the branch separating plasma sequences (AP-MP) and isolate sequences (AV-MV). Variable sites are shown in different typefaces based upon the predicted secondary structure proposed by Kwong et al. (1998) ; underline ϭ alpha helix; italic ϭ beta sheet; and bold ϭ loop. The V3 loop is marked by asterisks, glycosylation sites by "g," and sites in the loop associated with changes in coreceptor usage by "p." system less powerful during therapy and hence less likely to drive divergence. It is possible that immune selection drove divergence prior to therapy, although no data were available to test this hypothesis.
There is no plausible biological mechanism whereby the anti-retroviral drugs used in these patients may directly select for particular variants of env. However, drugs may indirectly select for viruses in drug sanctuaries, subpopulations where antiviral drugs have a suboptimal effect and where cycles of replication can continue during therapy. If certain amino acid substitutions were required to infect such a sanctuary, we might expect to see amino acid divergence between plasma virus at the initiation of therapy and isolated virus late into therapy if the drug sanctuary site was seeded before the initiation of therapy.
A shift in env genetic variation, similar to those seen in patients K and M, has been observed in two studies of suboptimal protease therapy. In contrast to this study, these shifts in envelope coincided with the emergence of drug resistance. By measuring env variation using a heteroduplex mobility assay, Delwart et al. (1998) found that in one individual studied, a new variant of env arose very early on in therapy, which was later replaced by an env variant which was similar to the variant present prior to therapy. Using a sequencing-based approach, Nijhuis et al. (1998) demonstrated a similar phenomenon in one patient out of five studied, with a divergent env variant emerging early (52 days) into therapy, which was later (84 days into therapy) replaced by variants closely related to the pretreatment strains. In these two cases, the emerging divergent env type is so divergent and emerged so quickly, it must have existed prior to therapy, and was linked to resistance mutations, probably in an anatomical compartment which was relatively isolated from the effects of the drug. In contrast to the patterns seen in patient K and M, the divergent env type is replaced by the reemergence of the original env variant, probably through recombination between resistance mutations and selection for the original env variant. The maintenance of divergent virus over several years in patients K and M suggests that recombination may occur at a lower rate during potent therapy than suboptimal therapy. In addition, selection for the baseline env variant may not act as strongly, due to the majority of virus being present in latently infected cells and the waning of the immune response during therapy.
The most parsimonious explanation for the divergence seen between plasma virus and isolated virus is that positive selection acted on the envelope prior to or during the early stages of therapy, but that due to the slow rate of turnover of latently infected cells, the positively selected env variant seen in the blood had not reached high levels in the latently infected cells at the time of initiation of therapy. Hence even if no ongoing replication had occurred during therapy, a large number of amino acid substitutions may be seen between plasma virus and virus isolated from latently infected cells. The inherent variability between individuals in patterns of selection on env will generate different levels of divergence between plasma virus and virus in latently infected cells. Consequently, to determine whether ongoing replication is occurring due to therapy using sequence data, it is necessary to measure divergence in latently infected cells at several time points. In the case of patient A and one other patient not included in this study, we also had time-zero viral isolates available and these more closely resembled one or more plasma sequences than they did the isolates at year 2. This suggests that although samples from infected cells were not obtained for all patients at the beginning of therapy, the effects from time of sampling may be more important than differences between plasma and infected cells at a given time. We also note that the two patients that exhibited multiple amino acid substitutions, K and M, also exhibited intermittent peaks of viremia during therapy.
In summary, we have shown that in two (and possibly three) cases of patients on potent antiviral therapy without frank failure of suppression, the sequence changes between baseline virus and virus isolated from infected cells persisting 2 years into infection result from positive selection occurring either prior to or during therapy. In these patients, the analyses suggest low-level replication despite absence of drug resistance due to sanctuary sites, or to low-level ongoing replication in the presence of alterations in the selective environment during therapy, perhaps due to a decline in HIV-specific immune responses or changes in target cell pools. In one of these patients, K, the findings may alternatively reflect the long half-life of some of these persistent cell populations and the divergence of viral subpopulations that occurred prior to therapy. Understanding the basis of viral persistence in the face of potent anti-retroviral therapy will be extremely important for the development of strategies for phasing out HAART in patients showing optimum response to therapy.
METHODS
Subjects and clinical background
Six subjects were chosen from a cohort of HIV-infected patients who had undergone two years of treatment with indinavir, lamivudine, and zidovudine as described previously (Wong et al., 1997; Gulick et al., 1998; Günthard et al., 1999) . By conventional measures, all six patients responded well to therapy, each sustaining a level of plasma RNA below the detection limit of 50 copies/ml, with the exception of patient M, who had 50 copies/ml on the day of sampling for viral isolation only. Pretreatment viral loads for each patient are as follows: A, 62,680 copies RNA/ml plasma; B, 19,200; C, 51,704; K, 39,322; L, 13,644; M, 50,030.
Sequences
The C2-V3 region of the env gene was sequenced for baseline plasma virus and virus isolated 2 years into therapy for each of the six patients A, B, C, K, L, and M as described previously (Wong et al., 1997; Günthard et al., 1999) . For the purposes of our analyses, the ends of sequences were edited to give an alignment of 117 codons to allow meaningful comparisons between individuals. The number of sequences obtained at baseline and after 2 years for each patient are as follows: A (10, 9); B (10, 13); C (10, 10); K (7, 10); L (9, 10); and M (10, 7). The GenBank Accession Nos. for these sequences are AF185823 to AF185937. All sequences were checked for G to A hypermutation using the program HYPERMUT (Rose and Korber, 2000) .
Analysis of nucleotide diversity and divergence during therapy
For each patient, we estimated the following: (i) d t , the average pairwise nucleotide diversity for the two time points taken together; (ii) d x , the average pairwise diversity within the initial samples of plasma sequences; (iii) d y , the average pairwise diversity within the virus isolates established after 2 years of potent antiretroviral therapy; (iv) d xy , the average nucleotide divergence between the samples; and (v) d a , the net nucleotide divergence between the samples, which is the average divergence corrected for within-sample variation using the method of Nei and Jin (1989) . Multiple hits were corrected for using a Kimura (1980) model. Standard errors were estimated using 1000 bootstrap replicates. All calculations were performed using SENDBS (N. Takezaki, National Institute of Genetics, Mishima, Japan).
Phylogenetic analysis of amino acid substitution pattern
For each patient, the tree topology was estimated using DNAML v.3.572c (J. Felsenstein, Department of Genetics, University of Washington), assuming a transition/transversion ratio of 2 and rate variation modeled by using eight rate categories taken from a discrete gamma distribution with a shape parameter of 0.4. Codon substitution models were fitted to the data and the estimated topology using the program CODEML (Z. Yang, Department of Biology, University College London). Codon frequencies were calculated using the average nucleotide frequencies at each codon position.
One possible cause of the divergence between plasma virus and year 2 virus is positive selection, where amino acid changes in the envelope confer a selective advantage. To test for positive selection, we estimated the rate of nonsynonymous to synonymous substitutions (dn/ds) between the two viral populations and compared it to the estimate of dn/ds within populations. As discussed by Crandall et al. (1999) , estimates of dn/ds based on pairwise differences can be biased due to the phylogenetic relationship between sequences. As baseline plasma virus and year 2-isolated virus clustered separately in the maximum likelihood tree obtained with DnaML, we were able to use a phylogenetic test where we estimate the dn/ds ratio for the branch connecting the most recent common ancestor of the year 2-isolated virus and the plasma virus (which represents the genetic differences between the two populations, Fig. 1 ). To test for differences in the selection pressure within and between viral samples, we estimated dn/ds under two models. Model 1 assumed that the dn/ds ratio is the same for all branches in the phylogeny (Goldman and Yang, 1994) . Model 2 assumes that the dn/ds ratio in the branch connecting the year 2-isolated virus from the plasma virus is different from that in the rest of the phylogeny. The difference in log-likelihood between the two models is a measure of the improvement in fit of model 2 over model 1. The statistical significance of the improvement in fit of model 2 over model 1 was established by comparing the observed improvement in fit to the fit obtained from simulated datasets (a technique known as "parametric bootstrapping"). We used 100 simulated datasets per patient generated using the parameter estimates from model 1 (no difference in dn/ds) with the program LISTTREE (Z. Yang, Department of Biology, University College, London). Models 1 and 2 were fitted to each of these simulated datasets to obtain a distribution of twice the difference in log-likelihood under the null hypothesis that dn/ds between time points is the same as within time points, to which the value estimated from the observed dataset was compared.
Estimates of dn/ds may be unusually high in the presence of G to A hypermutation, which results in a "deadend" virus. As such substitutions will be found in the tips of the phylogenetic tree, our test for selection, which focuses on substitutions in an internal branch of the phylogeny, and compares it with the rest, is conservative in the presence of G to A hypermutations, which will artificially raise the "background" dn/ds rate.
Testing for clusters of amino acid substitutions
We determined which amino acids differed between baseline virus and year 2 virus, taking into account the phylogenetic structure. Specifically, the ancestral codon sequence at either end of the phylogenetic branch representing the divergence between baseline plasma virus and year 2-isolated virus was reconstructed for each patient using a marginal reconstruction method.
We wished to determine whether amino acid substitutions between baseline virus and year 2 virus were clumped together. We performed a simple test where the distance (in residues) subtended by the amino acid substitutions was compared to that expected if substitutions were scattered at random along the sequence. One hundred thousand control datasets per patient were produced by randomising the positions of the substitutions. The proportion of randomised datasets where amino acid substitutions are more clumped than observed (i.e., subtend a shorter length of sequence) gives an estimate of the P value. A program written in Mathematica v.3.0 (Wolfram Research) is available on request to perform this test.
